Abstract Nanomaterials, materials with particle dimensions less than 100 nm, show a range of unusual properties when compared with their bulk counterparts. Atomic transport is one of these properties and nanomaterials have been reported as having exceptionally high diffusion coefficients. In the case of ionic materials the atomic transport is important in a number of technological applications where they are used as solid electrolytes, for example in sensors, batteries and fuel cells. Hence ionic nanomaterials often referred to as nanoionics, can offer the means of producing electrolytes with improved performance. This contribution will examine the mechanisms of atomic transport in nanoionics in two model materials, zirconia and lithium niobate. Since an understanding of these mechanisms is dependent on knowledge of the microstructure of the materials consideration will also be given to the structural characterisation of the materials, with a focus on X-ray absorption spectroscopy. The use of this technique to characterise mesoporous a-Fe 2 O 3 is also discussed.
Introduction
Nanomaterials are systems that contain particles with one dimension in the nanometre regime. Currently there is intense interest from biologists, chemists, physicists and engineers in the application of these materials, so-called nanotechnology, which is sometimes referred to as 'the next industrial revolution' [1] . The reason for the interest is the unusual properties, very often with useful applications, that are exhibited by these materials when compared to their bulk counterparts [2] [3] [4] [5] [6] [7] [8] [9] [10] .I n this article we will focus on rather simple ionic solids with dimensions predominantly less than 100 nm, materials now known as nanoionics. In these systems the origin of the unusual properties is twofold; (i) the fact that the dimensions of the particles approaches, or becomes smaller than, the critical length for certain phenomena (e.g. the de Broglie wavelength for the electron, the mean free path of excitons, the distance required to form a Frank-Reed dislocation loop, thickness of the space-charge layer, etc.) and (ii) surface effects dominate the thermodynamics and energetics of the particles (e.g. crystal structure, surface morphology, reactivity, etc.). The second factor can lead to nanocrystals adopting different morphologies to bulk crystals with different exposed lattice planes leading to an extraordinary surface chemistry [11, 12] and catalytic activity [13, 14] . The importance of surfaces and boundaries in nanocrystalline systems is demonstrated in Fig. 1 , which shows the fraction of atoms in these regions as a function of grain size.
Unusually rapid diffusion of atoms in nanocrystalline metals was recognised in early studies [9, 15, 16] . In turn this will affect a wide range of physical and chemical properties of which the enhanced plasticity of metal and ceramic compacts has attracted considerable attention [17] . Fast diffusion in ionic and semiionic solids has important technological implications for greatly improved materials in a range of applications such as electrolytes and electrodes for batteries and fuel cells, and chemical sensors [18] [19] [20] [21] [22] [23] . As a result there has been considerable effort to quantify the extent of the diffusion enhancement and to determine the nature of the fundamental processes involved. However, until relatively recently, surveys of the experimental data of the diffusion in nanoionic materials showed that the results were not consistent, with variations even for the same system [24] . A breakthrough came with the work of Sata and co-workers who provided unambiguous experimental evidence of enhanced diffusion in layered nanocrystalline films of BaF 2 and CaF 2 [25] . Nevertheless, as recent articles have stressed [26, 27] , the volume of reliable experimental information is still sparse and the detailed understanding of the phenomenon is poor. A major problem is in the preparation of reliable samples and that the properties are very dependent on the synthetic route.
This contribution will consider the most recent experimental studies on ionic transport in nanoionics. Given the importance of the preparation route particular attention will be paid to the characterisation of samples and the relationship between microstructure and the preparative route. Particular attention will be paid to the application of X-ray absorption spectroscopy, XAS, as a probe of microstructure and some new results will be presented for some model systems.
Methodology

Sample preparation
As will be shown later the preparation route of nanocrystalline samples determines the microstructure and hence the atomic transport behaviour so a brief overview of the methods will be given here. A very wide variety of methods have been employed to produce nanocrystalline samples and only the more commonly used ones will be mentioned. Inert gas condensation (IGC) has been extensively used to fabricate metallic and metal oxide powders with a well-defined and narrow size distribution [2, 28] . The amount of material that can be produced is relatively small and there have been several modifications to increase the yield using sputtering methods [29] [30] [31] [32] . Spray pyrolysis is a fairly general method of producing nanocrystalline oxides. In this case a solution of a chemical precursor is dispersed into the gas phase as aerosol droplets. The droplets are then transported to a hot zone where they are decomposed to form oxide particles. This method has relatively wide applicability and has been used to prepare several metal oxide nanoparticles such as ZnO, ZrO 2 and Al 2 O 3 [33] .
Sol-gel procedures have been used for many years to produce oxides and ceramics offering control over the structure and composition at the molecular level [34, 35] . The usual procedure is to subject a metal alkoxide, M(OR) x to controlled hydrolysis, leading to replacement of the OR group by OH. This leads to the formation of a sol, very small colloidal particles, which then condense to form a gel, an inter-connected network. The gel is then dried and the final product can be either oxide (as in the case of silicon tetraethyl orthosilicate) or hydroxide (zirconium iso-propoxide) or a mixed methoxy-hydroxide (as in the case of magnesium methoxide). Thus the final step in the formation of the oxide is calcination at high temperature. This step is difficult to control and presents two major problems, as exemplified by recent work on ZrO 2 [36] . If the calcining temperature is too low then all of the residual OH groups may not be completely removed from the material. If the calcination temperature is too high then the particles will grow and the nanocrystallites will be lost. The surface energy of nanocrystals is such that relatively moderate temperatures (∼ 400°C in the case of most oxides) will lead to measurable grain growth over the period of a few minutes [37] .
An apparently completely general method of producing all forms of nanocrystals is by mechanical attrition. This involves taking bulk material and reducing the grain size in a high-energy ball mill [38] [39] [40] [41] . The advantages of ball milling are the fact that almost every material is accessible, that large amounts can be produced and that the average grain size can easily be varied by choice of the milling time. In addition, it is possible to produce materials in situ in the ball mill by double decomposition reactions [42, 43] . This method is therefore useful when many different materials are to be compared. One disadvantage of ball milling is that abrasion of the milling media may occur. This has to be minimized by choosing appropriate materials for the milling vial and balls, respectively. A further disadvantage is that the milling can produce amorphous debris, to the extent that recent work on ball milled Al 2 O 3 indicated that the sample consisted of nanocrystalline grains embedded in amorphous material [44] .
Microstructure invstigation
The microstructure is the key to the properties of nanocrystalline materials. It was seen earlier that simple geometric considerations lead to the conclusion that a large fraction of the atoms in a nanocrystal are in the surface (see Fig. 1 ). However, the crucial questions are what is the nature of the surface, in terms of the level of atomic order, and what is the structure of the interface between grains. In both cases, two extreme possibilities have been considered. One extreme is that there is extensive disorder in an interface that is several atoms in width. In some of the early work on nanocrystals this was intuitively assumed to be the case and the interfaces were referred to as 'gas-like' or 'liquid-like'. This structure would clearly account for rapid diffusion in nanocrystalline samples. The alternative view is that the interface is similar to a grain 
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boundary in normal bulk materials. In this case the interfaces would exhibit usual behaviour, although they would be present in unusually large number. High resolution TEM can provide the microstructural details. TEM measurements on nanocrystalline ceria showed that the grains had a high degree of perfection and were separated by sharp, boundaries [45] . Unfortunately the data from HRTEM studies are still relatively sparse and other structural techniques have had to been used to explore the microstructure, such as electron diffraction [46] , positron annihilation spectroscopy [47] and extended X-ray absorption fine structure (EXAFS) measurements [48] [49] [50] .
EXAFS are the oscillations in the X-ray absorption (a plot of absorption coefficient, μ, versus incident photon energy) that occur beyond the absorption edge for the emission of a core (K or L shell) electron [51] [52] [53] . The oscillations arise from the emitted photoelectron wave being backscattered and interfering with the outgoing wave. If the two waves are in phase there will be constructive interference, a lower final state energy and a higher probability for absorption. If the two waves are out of phase then there will be destructive interference, higher final state energy and a lower probability for absorption. Thus as the incident photon energy increases so does the energy of the emitted photoelectron with consequential changes on its wavelength. Since the distance between the target atom and its neighbours is fixed there will be shifts in and out of phase and hence the observation of the EXAFS oscillations. The intensity of the oscillations depends on the number and type of neighbours giving rise to the backscattering and an EXAFS Debye-Waller factor (an uncertainty in the distance between target and scattering atoms). EXAFS does not rely on long-range order and is sensitive to the local environment of the target atom out to 5 Å. The Fourier transform of the EXAFS yields a partial radial distribution function in real space with peak areas proportional to average coordination numbers and the Debye-Waller factors.
For a nanocrystalline sample the EXAFS signal could be attenuated for two reasons: (i) the particle is so small that the average coordination numbers for the neighbouring shells is reduced or (ii) there is sufficient disorder in the sample (e.g. at the interfaces) that the Debye-Waller factors are increased. At first sight it would appear that EXAFS has little to offer as a microstructural probe, however for (i) to be operative the particle size has to be very small, typically less than 5 nm. Thus, in principle, EXAFS can probe disorder in the interfaces of nanocrystals. However, the results have been very confusing and the subject of much argument. The EXAFS data for ZrO 2 represent a typical example. There have been several EXAFS studies of this system, which claim evidence for disordered interfaces in nanocrystalline samples, i.e. an attenuation of the EXAFS for the Zr-Zr correlation [54, 55] . However, similar measurements on carefully prepared films, with particle sizes down to 6 nm found the EXAFS was indistinguishable from the bulk [56] and great care was taken to ensure all hydroxyl species were removed from the sample. Other studies of nanocrystalline materials have showed the preparation methods strongly affect the EXAFS data [36, 51, [56] [57] [58] . We will present below some new results of EXAFS studies of nanoionics.
Ion transport invstigation
A very wide range of techniques can be used to probe atomic transport. Elegant surveys of the methods can be found in earlier work [26, [59] [60] [61] . A useful division is into macroscopic techniques, which measure the effect of long-range motion of atoms, and microscopic techniques, which measure jump frequencies of atoms. Tracer diffusion is the classical macroscopic technique [61] . In these experiments an isotopic tracer of the atom under study is diffused into the sample for a known time at a fixed temperature. Sections are then removed from the sample, the sections analysed for the tracer concentration, the penetration profile determined and D determined from the boundary conditions [60] . For penetration depths larger than 1 μm classical radiotracer techniques can be used, which implies mechanical sectioning of the specimen and subsequent measurement of radioactivity of the sections. By contrast, SIMS (secondary ion mass spectrometry) profiling is applicable for penetration depths smaller than 1 μm [62] . The surface of the specimen is bombarded with a beam of primary ions, which results in a continuous atomisation of the sample. The sputtered secondary ions can then be detected in a mass spectrometer. An advantage of the tracer technique is that since the profile is determined it is often possible to separate out different diffusion process (e.g. bulk, grain boundary, surface diffusion, etc.) provided they have sufficiently different diffusivities.
Nuclear magnetic resonance (NMR) spectroscopy offers a wide range of methods for studying diffusion in the solid state [63, 64] . If the diffusion is sufficiently fast in the solid (D N 10 − 13 m 2 s − 1 ) then field gradient NMR methods can be employed. In this case, the nuclear spin is essentially used as a label (like a tracer), to follow the motion of the atoms over many jump distances. The diffusion coefficient can be determined directly from the measurement without the need to resort to a theoretical model. Thus this is a macroscopic method. The diffusive motions of the nuclei can affect the relaxation times of the nuclear spins, following a perturbance of the spin system by the application of a magnetic field. In simple terms, the moving spins will create oscillating magnetic fields that will interact with the spin system. Thus the NMR relaxation times T 1 (spin-lattice relaxation time), T 2 (spin-spin relaxation time), T 1ρ (spinlattice relaxation time in the rotating frame), etc., and line widths (∝ 1/T 2 ) can all provide information on diffusion. However, the time scale of the measurement is very short, such that the atoms traverse very few atomic distances and NMR relaxation time is a microscopic method. Except in special cases it is very difficult to obtain accurate values of D from the measured relaxation times due to complexities in the theoretical models [64] . However, relative values are precise and accurate values of Q can be evaluated. Before leaving the NMR techniques it is worth noting that for a number of particularly important elements they provide a convenient (in some cases the only) method of studying atomic diffusion. These include 7 Li, 17 O and 19 F, elements where the radiotracers are non-existent or very short-lived.
For ionic solids the measurement of the ionic conductivity, σ, has long provided a method of studying the atomic diffusion [65] [66] [67] . The early studies were restricted to measurements on State Ionics 177 (2006) 3001-3008 single crystals, however this was very restricting in terms of the materials that could be investigated. Impedance spectroscopy is the measurement of the complex impedance over a wide range of A.C. frequency and is an important tool to study diffusion in solids [68] [69] [70] [71] . The advantage of this technique is that it can be used to study polycrystalline and compacted samples and it can deconvolute the contributions from the different structural components of the sample like bulk material or grain boundaries.
Results and discussion
Microstructure of nanoionics
We have recently undertaken XAS experiments on three model nanocrystalline systems, zirconia, lithium niobate and iron oxide that exemplify the application of the technique in probing microstructure. The spectra were collected on stations at the CCLRC Daresbury Synchrotron Radiation Source (SRS) using procedures described in earlier work [23, 36, 37, 50, 58, 59, 72, 73] .
Zirconia
Zirconium oxide, ZrO 2 , is one of the most studied materials due to its applications as an engineering ceramic and as an oxygen ion conductor for solid oxide fuel cells. It has also been the subject of numerous investigations as a nanoionic material due to the apparent ease of preparation. We use the term 'apparent' as the most common procedure of heating the hydroxide at modest temperature (500°C) for a short period (60 min) has been reported as a means of producing 10 nm particle sizes of the oxide [72] . Later work [36] has shown this procedure does not produce the pure oxide but material that contains a considerable fraction of hydroxyl species, sufficient to invalidate any EXAFS studies. A polymer precursor route can produce high quality thin films of nanocrystalline ZrO2. EXAFS studies [50, 56] of these samples have shown that with particle sizes as small as 6 nm there is no attenuation of the EXAFS signal and the interfaces between crystallites are similar to grain boundaries in bulk materials.
We have recently made new EXAFS measurements on powdered samples of pure nanocrystalline zirconia prepared by sol-gel procedures. We overcame the problem of grain growth during preparation by using silica, 15% by weight, to pin the grains [74] . The preparation involved the addition of TEOS to the zirconium alkoxide prior to the hydrolysis stage. The ZrO 2 sample was in the tetragonal phase with a grain size of 10 nm, even after calcining at 1000°C.
EXAFS spectra for the nanocrystalline ZrO 2 were collected at a series of temperature down to 17 K. The measurements were undertaken at low temperatures to remove any ambiguity about the possibility of the contributions from dynamic and static disorder to the attenuation of the EXAFS signal. Parallel data were also collected for a bulk sample of tetragonal zirconia that was prepared by the polymer precursor method with the addition of 8 mol% yttria and calcined at 1000°C. The data for the two samples were virtually identical at all temperatures and only those at 17 K are shown in Fig. 2 . This conclusively proves that the levels of both dynamic and static disorder in sol-gel prepared nanocrystalline ZrO 2 are virtually the same as in the bulk material. Hence the interfaces between the grains are like grain boundaries in normal bulk samples.
Parallel studies were also made of ball-milled ZrO 2 with a particle size of 13 nm. X-ray diffraction showed that the sample was monoclinic [58] . For comparison data were also collected for a bulk, monoclinic sample (particle size 110 nm). The Fourier transforms of the spectra collected at 17 K are shown in Fig. 3 . There is a strong attenuation of the EXAFS signal for the ball-milled sample, represented by a dramatic reduction in the magnitude of the peak at ∼ 3.5 Å, the Zr-Zr correlations. At this measurement temperature the differences can only be due to differences in the level of static disorder in the samples. We interpret this as the formation of significant levels of amorphous material in the ball-milled samples, a feature of this method of sample preparation [44, 73, 75] .
Lithium niobate
The report of unusually high lithium ion diffusion in ballmilled samples of LiNbO 3 [76] was intriguing, as this is not 
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normally regarded as a particularly good ionic conductor. We therefore undertook Nb K-edge XAS studies of nanocrystalline LiNbO 3 prepared by sol gel methods from alkoxides and ballmilled LiNbO 3 [77] . The results are shown in the form of the Fourier transforms in Fig. 4 . The sol-gel sample (particle size 21 nm) shows a transform which is very similar to bulk material, as would be expected as the particles relatively large and the average CN will not be reduced significantly. In contrast the ball-milled sample (particle size 23 nm) exhibits considerably reduced peaks, even for the first peak, the Nb-O correlation. We have interpreted this as due to the formation of a large fraction of amorphous material in the ball-milled sample, which we roughly estimate to be the order of 50%. It is worth noting that these EXAFS findings were confirmed in a very recent study of lithium niobate by Heitjans and co-workers [78] . In addition they clearly showed the presence of amorphous material in the ball-milled sample by TEM measurements.
Iron oxide, α-Fe 2 O 3
Iron oxide, α-Fe 2 O 3 , can be prepared as a mesoporous material with ordered or disordered pore walls, depending on the synthetic route, and has a variety of potential applications due to its magnetic properties [79] .W eh a v ep e r f o r m e d extensive characterisation studies of these materials with wall thicknesses of ∼ 7 nm using a variety of methods of which the XAS has been particularly informative. The Fourier transforms of the Fe K-edge spectra of the samples are shown in Fig. 5 . The similarity between the plots for the sample with ordered walls and the bulk sample, with only a slight reduction in the magnitude of the peaks for the Fe-Fe correlations, indicates high degree crystallinity in the pore walls with crystallite sizes comparable to the wall thickness. In contrast the sample with disordered walls shows a dramatic reduction of the peaks due to the Fe-Fe correlations. The TEM and diffraction measurements for these samples show evidence of some crystallinity within the walls whilst the EXAFS suggests that the crystallites are very small (much smaller than the wall thickness) or the interfaces are highly disordered.
Atomic transport in nanoionics
The lack of reliable, quantitative data for atom transport in nanocrystals was highlighted at the outset of this contribution.
There have been problems with the samples that have invalidated many of the conventional techniques. For example, sample porosity [80] has meant that the standard tracer sectioning method [60] , the most reliable technique used in the study of diffusion in single crystals cannot be employed. In the case of thin film samples there can be problems of contamination from moisture [24] . However, there are now examples from the recent literature where the problems have been resolved and reliable information on transport has been achieved. We will describe two systems, namely zirconia, and lithium niobate, where there is good evidence of enhancement of the transport and an insight into the phenomenon. 18 O tracer diffusion studies have been made on nanocrystalline samples prepared by sputtering of the metals and subsequent oxidation followed by compaction [81, 82] . The particle sizes were 80-100 nm and the pure ZrO 2 was in the monoclinic phase. The experiments on pure ZrO 2 showed an interface diffusion coefficient some 3-4 orders of magnitude greater than in the crystallites, the latter having slightly higher activation energy. The diffusion coefficients are lower than for cubic stabilised zirconia (CSZ) and yttrium stabilised cubic zirconia (YSZ) crystals, however it must be remembered that the latter materials are heavily doped resulting in a high concentration of mobile oxide ion vacancies. The 18 O diffusion in nanocrystalline ZrO 2 doped with 6.9% Y 2 O 3 also showed a grain boundary diffusion that was more than three orders of magnitude greater than that within the grains. Thus there is clear evidence that the grain boundaries in nanoionics offer fast paths for diffusion.
Several groups have measured the conductivity in nanocrystalline zirconia, however the most recent study by Kosacki and co-workers [83] took great care to produce well-characterised samples. These workers prepared highly textured YSZ thin films deposited on (001) MgO single crystals by pulsed laser ablation of a dense polycrystalline cubic ZrO 2 /9.5 mol% Y 2 O 3 target. After deposition, the specimens were annealed ex-situ for 1 h at 700°C in oxygen to establish stoichiometry. Both DC and AC impedance techniques measured the electrical conductivity parallel to the substrate surface. The results are shown in Fig. 6 . The conductivity clearly increases with decreasing particle size. It was concluded the films were free of blocking grain boundaries and conduction parallel to the substrate was characterised by a single film/substrate interface. An enhancement in the in-plane conductivity was observed for films with thickness below 60 nm and is attributed to the transition from lattice to interface controlled diffusivity. It was estimated that the thickness of the interface layer was about 1.6 nm and interfacial conductivity was over three orders of magnitude larger than lattice limited conductivity, in agreement with the 18 O tracer measurements.
Lithium niobate
Although lithium niobate is a relatively complex system compared to the binary oxides and is not an intrinsic ionic conductor it has become a model for nanoionics due to the initial observation by Bork and Heitjans [84] of enhanced lithium ion conduction in ball-milled samples. This has led to several investigations of this system from both the structural aspects, discussed in Section 3.1.2, and ionic transport using both Li NMR and complex impedance spectroscopy [76] [77] [78] 84] . The latest paper on this system reports new data and shows that there is now a consistent interpretation of the data [78] .
The nature of lithium ion transport in nanocrystalline lithium niobate is encapsulated by Fig. 7 , the 7 Li NMR line width as a function of temperature [57, 77] . There is virtually no narrowing of the NMR line for the bulk material over the temperature range investigated, showing the absence of Li + ion motion. In contrast, the amorphous sample and the ball-milled sample (50 nm particle size) show a dramatic narrowing due to fast Li + ion motion. However, for the sol-gel prepared sample (21 nm particle size) the extent of line narrowing is much less pronounced. The similarity between the behaviour of ballmilled and amorphous samples and the indications of significant fractions of amorphous regions from the EXAFS data led to the conclusion that the ionic transport in these samples was predominantly through the amorphous phase. This has been supported by more recent work, particularly the direct TEM observation of amorphous regions in ball-milled samples [78] . The origin of the enhanced Li + ion motion in the sol-gel sample is still not fully understood. It is clearly due to conduction along the interfaces, which the TEM shows are well ordered. Therefore it could be due to space charge effects at the surface of the grains, and an example of the model proposed by Maier and co-workers [85] [86] [87] . 
Conclusions
Some important conclusions can be drawn from the EXAFS work presented in this contribution. Firstly, there is the general point that the method of preparation strongly influences the nature of the microstructure of nanoionic materials. We have made this point in earlier papers based on EXAFS data [36, 50, 56, 58, 73] . Here we have reported new EXAFS data for zirconia taken at 17 K, which confirms the low levels of disorder in sol-gel prepared samples and the very high levels of disorder in ball-milled samples. This disorder is due to the formation of large quantities of amorphous material during the ball-milling procedure, which the recent TEM study of lithium niobate [78] shows to be a characteristic of this preparative method. Secondly, we have shown from the work on mesoporous α-Fe 2 O 3 that EXAFS measurements can be used to probe the microstructure of nanoionics with complex architectures. There is now considerable activity in preparing nanocrystalline oxides with unusual shapes, such as tube [88] and hollow spheres [89] , and EXAFS should prove to be a vital tool in their characterisation.
The recent transport studies of zirconia appear to be showing some consistency, with both conductivity and tracer data showing the enhanced oxide ion migration in the nanocrystals being due to transport along the grain boundaries. There is now a uniform picture for the transport in nanocrystalline lithium niobate where the greatly enhanced lithium ion transport in ballmilled samples is due to diffusion through the amorphous regions. More work is required to determine the precise origin of the more modest enhancement in sol-gel samples. The reasonable level of agreed interpretation of the transport data for these two model systems has evolved due to the use of more direct diffusion methods, 18 O tracer for zirconia and 7 Li NMR for lithium niobate, in addition to conductivity measurements. The wider use of a combination transport measurement would help to resolve some of the problems and diversity of data in other nanoionics.
